Engineering optical nanocircuits by exploiting modularization concepts and methods inherited from electronics may lead to multiple innovations in optical information processing at the nanoscale. We introduce the concept of "waveguide metatronics," an advanced form of optical metatronics that uses structural dispersion in waveguides to obtain the materials and structures required to construct this class of circuitry. Using numerical simulations, we demonstrate that the design of a metatronic circuit can be carried out by using a waveguide filled with materials with positive permittivity. This includes the implementation of all "lumped" circuit elements and their assembly in a single circuit board. In doing so, we extend the concepts of optical metatronics to frequency ranges where there are no natural plasmonic materials available. The proposed methodology could be exploited as a platform to experimentally validate optical metatronic circuits in other frequency regimes, such as microwave frequency setups, and/or to provide a new route to design optical nanocircuitry.
INTRODUCTION
Electronics, the science and technology aimed to control the flow of electrons, has been one of the main agents of change of the last century. Many influential technologies, such as information and communication technologies, are ultimately supported by an army of small electronic gadgets. Some of the main reasons behind the success and the huge development of electronics are the modularization, simplification, and standardization of circuit elements. That is to say, complex electronic circuits with very diverse functionalities are built by combining individually simple "lumped" components (for example, inductors, capacitors, and resistors) much smaller than the wavelength of operation (1) . By contrast, modularization in the field of optics appears at a much higher level, arguably at the device level, leading to discrete elements that have traditionally been much larger than the wavelength of operation, such as mirrors, lenses, and waveguides (2) . Therefore, when it comes to subwavelength nanoparticle systems, such as those studied in the fields of near-field optics and nanophotonics, most configurations are typically described by means of intricate many-body scattering problems.
A radically different approach is taken in the field of optical metatronics (3, 4) , that is, metamaterial-inspired optical nanocircuitry. Following the success of modularization in electronics, individual nanoparticles are treated as lumped circuit elements (for example, nanocapacitors, nanoinductors, and nanoresistors) whose impedance is defined in terms of how the nanoparticle modifies the flux of the displacement current, J Here, "e r " represents the relative complex permittivity of the particle. (The time convention e −iwt is assumed here.) In addition, in analogy with classical circuit wires, lumped elements in metatronic circuits are usually interconnected via D-dot wires, that is, optical wires designed to confine and "guide" the flow of the displacement current (5) . This methodology enables the design of complex nanoparticle systems by using techniques and tools developed for the design of electronic circuits. For example, several optical nanocircuits with versatile functionalities have already been developed, including filters (6) , nanoantennas (7, 8) , optical circuits (9) and circuit boards (10, 11) , metasurfaces (12) , and computational devices (13) .
However, the applicability of optical metatronic concepts is limited by the availability of the plasmonic materials required to construct its individual circuit elements. For instance, one requires epsilon-negative (ENG) nanoparticles to construct nanoinductors (3), as well as an epsilon-near-zero (ENZ) host medium to fabricate D-dot wires (10) . Both ENG and ENZ responses are present in nature, for example, in materials whose permittivity exhibits a Drude dispersion profile. At optical and infrared frequency domains, Drude dispersion profiles are observed in noble metals (14) (15) (16) (17) (18) (19) , for example, gold and silver, as well as in transparent conducting oxides (20) (21) (22) (23) (24) (25) , for example, indium tin oxide and aluminum-doped zinc oxide. Moreover, ENG and ENZ responses can also be engineered by using periodic arrangements forming metamaterials (26) (27) (28) , although this approach often involves complex and bulky geometries, with intricate phenomena at their boundaries. Here, we investigate, theoretically and numerically, the implementation of metatronic circuits by engineering the structural dispersion in waveguides. In doing so, we extend the paradigm of optical metatronics to frequency ranges where there are no suitable plasmonic materials readily available, for example, microwave and terahertz frequency regimes. The main benefit of this approach is that the reliable, simpler, and cheaper to manufacture experimental setups at microwave frequencies could be used as test beds for optical metatronic concepts. We expect that experimental studies carried out in this platform will consolidate the principles of metatronic circuits and enable further innovations. In principle, this approach could also be adopted to design devices at the microwave frequency regime. However, because of the maturity of microwave integrated circuits, the performance of metatronic devices might not necessarily outperform the existing state-of-theart microwave devices.
To illustrate our approach, we consider a parallel-plate waveguide (PPW) of height "a," bounded by perfect electric conductor (PEC) walls and excited with a TE 10 mode with the electric field parallel to the waveguide walls. We assume that the waveguide is filled with a material with positive relative permittivity e act with negligible dispersion over the frequency band of interest. In such a case, the propagation constant b of the TE 10 mode in the PPW can be written as follows (29) 
, where e eff = e act − (pc/a) 2 /w 2 can be regarded as the effective relative permittivity of the TE 10 mode in terms of propagation. In addition, it can be readily checked that the fields in the middle plane of the waveguide are identical to those of a plane-wave propagating in an equivalent homogeneous medium of relative permittivity e eff (30) . e eff exhibits a Drude-like dispersion profile that can be adjusted by tuning both the waveguide height a and the relative permittivity of the (positive and dispersionless) material filling the waveguide "e act ." Note that the description of the system based on an effective permittivity is particular of the TE 10 mode and thus restricted to monomode configurations. Fortunately, it was recently demonstrated theoretically that the excitation of unwanted modes (for example, the TM 10 mode sharing the same cutoff frequency as the TE 10 mode) can be mitigated by including a series of thin shorting PEC wires, connecting the top and bottom plates, at the interface between the inhomogeneous materials filling the waveguide (31) . In doing so, this approach enables us to extend the notion of an effective permittivity to propagation and scattering processes within inhomogeneously filled waveguides (31) . In this manner, by properly selecting the height and the dielectric filling of the waveguide, it is possible to obtain the required effective ENZ and ENG responses at frequency ranges where there are no plasmonic materials and/or to adjust the dispersion profile of an available plasmonic material to a very specific frequency (31) .
Previous works have already reproduced some of the unique phenomena associated with ENZ and ENG metamaterials by using waveguide structures (32) (33) (34) (35) . Here, we numerically demonstrate that structural dispersion enables the design of optical metatronic circuits within a waveguide. To this end, we systematically study the waveguide implementation of all circuit elements, that is, D-dot wires and different lumped elements. We show that all the individual components of a metatronic circuit, as well as their assembly in a single circuit board, can be implemented by engineering the structural dispersion of waveguides. Here, we label this integral implementation of optical metatronic circuits on the basis of structural dispersion as "waveguide metatronics." In the remainder of the article, we present a number of numerical simulations to demonstrate the applicability and performance of the different elements composing waveguide metatronic systems. Without loss of generality, the operating frequency is set at f 0 = 300 MHz (l 0 = 1 m), where l 0 is the free space wavelength.
As mentioned earlier, time-harmonic field expressions e −iwt are assumed and omitted hereafter.
RESULTS
Overview of a waveguide metatronic circuit A generic example of a waveguide metatronic circuit is schematically depicted in Fig. 1 . The geometry of the device can be explained as follows: First, the whole device is contained within a single PPW designed to work near cutoff. That is, the height of the waveguide a is selected so that the effective permittivity in the waveguide approximates zero (e eff ≈ 0). In this manner, this "metasurface" device is effectively immersed within an ENZ host medium (see Fig. 1B , green), which effectively represents the board over which the circuit will be "printed." Next, the area of the waveguide occupied by the circuit is filled with a dielectric channel such that the effective permittivity in the channel equals one (e eff ≈ 1; see Fig. 1B , gray). In doing so, the dielectric channel effectively behaves as an "air" groove and locally acts as a D-dot wire (5, 10). Next, different "particles" or dielectric slabs can be inserted within the D-dot wire (see Fig. 1B , red, orange, and purple), effectively playing the role of lumped circuit elements that determine the functionality of the circuit. These include capacitors (Re{e eff } > 0), inductors (Re{e eff } < 0), and resistors (Im{e eff } ≠ 0), whereas the materials inserted have actually positive values for the real parts of their permittivity functions. The overall circuit is driven by a voltage source implemented as a localized dipole source, for example, a small probe with the polarization selected to excite the TE 10 mode. To finalize, we introduce thin shorting PEC wires at the interfaces between the different materials filling the waveguide to avoid the mode coupling and the excitation of unwanted modes (see Fig. 1B , brown) (31) . In summary, the response of the device can be described via the circuit diagram depicted in Fig. 1C . In this manner, all components of the metatronic circuit are integrated within a single waveguide and implemented by using materials with positive permittivity values. Next, we present a set of representative numerical simulations aimed to assess the performance of the individual components.
Waveguide metatronic D-dot wires
As anticipated, D-dot wires controlling the flow of the displacement current are one of the important parts of optical metatronic circuits. A three-dimensional (3D) schematic view of the simulation setup aimed to evaluate the performance of waveguide metatronic D-dot wires is presented in Fig. 2A . In this case, we use waveguide metatronic D-dot wires of width 0.1l 0 to form a closed square loop with an average total length of 4l 0 . As anticipated, all material interfaces are surrounded by thin shorting wires, and we found via numerical simulations that PEC wires of diameter l 0 /200, separated by a pitch of l 0 /20, suppress the coupling into the TM 10 mode without significantly affecting the TE 10 mode. We assume that the waveguide is filled with air (e act = 1), and we set its height to a = l 0 /2 so that the effective background relative permittivity approximates to zero (e eff = 0). Next, the loop surrounded by the thin sorting wires is filled with a dielectric material with relative permittivity e act = 2, and hence, e eff = 1. In this manner, the loop operates as an effective air groove within an effective ENZ background, that is, a D-dot wire. The loop is driven by a source selected to excite the TE 10 mode. In particular, a dipole source, implemented as a discrete port with a voltage source of 1 V, is positioned inside the D-dot wires at the middle plane (z = a/2), with its dipole moment parallel to the waveguide walls, as shown in Fig. 1B .
A snapshot of the simulation result of the distribution of the electric field in the middle plane (z = a/2) is depicted in Fig. 2B . It can be concluded from the figure that the electric field is longitudinal and uniformly distributed along and within the D-dot wire (except near the source), even though the length of the loop is 4l 0 . Note that the density of the displacement current is given by
, and thus, although the electric field is nonzero all over the effective ENZ host medium, the effective displacement current remains confined within, and longitudinal to, the D-dot wire (e eff = 0 outside the wire) and is zero in the background with effective ENZ property. This effect is analogous to the conduction of electrons within high-conductivity wires in electronics, and it also agrees with the D-dot wires in optical metatronics studied by Alù and Engheta (10) .
Color maps of the simulation results for the magnitude and phase distributions of the z-component of the magnetic field in the middle plane are shown in Fig. 2 (C and D, respectively) . It is worth remarking that the magnetic field in the middle plane at z = a/2 is uniform inside the loop of the D-dot wire in both magnitude and phase, even though the simulated region covers several wavelengths. This effect is a property of curl-free linearly polarized magnetic fields (36) , and it ratifies that the background medium is acting as an effective ENZ host. We studied the performance of D-dot wires with larger lengths and more intricate shapes (see fig. S1 ), and it can be concluded that the unique features associated with D-dot are robust against changes in the shape and size of the circuit.
Waveguide metatronic lumped circuit elements
Once the outline of the circuit has been constructed, the next step is to fill it with effective lumped circuit elements. An illustrative example is depicted in Fig. 3A . The geometry is the same as that in Fig. 2A , except that we introduce two different dielectric slabs of length 0.5l 0 (shown as orange and purple regions in Fig. 3A) . Moreover, because we want all the actual materials to be considered in this waveguide to have positive permittivity, in this case, the "ENZ background" region of the waveguide is filled with a material with relative permittivity e act = 3, and the waveguide height is selected to be a = 0.2887l 0 , in order for the "background" region of the waveguide to behave again as an ENZ host medium (e eff = 0). Consequently, the square loop is filled with a material with relative permittivity e act = 4 to emulate an effective air groove (e eff = 1). Next, the orange dielectric slab is characterized with relative permittivity e act = 5 (as a result, e eff = 2), therefore acting as an effective capacitor, whereas the purple dielectric slab is characterized by permittivity e act = 1 (with e eff = −2), thus effectively acting as an inductor. We emphasize that all elements of the waveguide metatronic circuit are assumed to be using readily available materials with positive permittivities.
The simulated performance of the circuit is shown in Fig. 3B , which includes a snapshot of the electric field distribution in the middle plane z = a/2. As expected, the effective displacement current is confined in the D-dot wires, which is evidenced by the longitudinal and uniform electric field distribution in the effective air grooves. The top and bottom insets of Fig. 3B include details of the electric field distributions in the capacitor and inductor elements, respectively. It is evident from these figures that the electric field within the capacitor is parallel to the field in the D-dot wires, whereas the field within the inductor is antipodal to it. This property ensures that the displacement current
is continuous along the circuit, even after the inclusion of lumped elements. Note also that the electric field is uniformly distributed along the capacitor and inductor elements. Therefore, it can be concluded that, because of the phase uniformity induced by the ENZ host, these dielectric slabs play the role of lumped elements (as compared with the effectively long wavelength in the effective ENZ region) despite having a relative long length of 0.5l 0 .
Furthermore, the impedance values of the dielectric slabs can be defined in accordance to basic circuit theory. To guide our discussion, sketches of the theoretical distributions of the fields in the capacitor and inductor circuit elements are depicted in Fig. 3 (C and D, respectively). In essence, we describe the response of the circuit elements with respect to the fields in the middle plane z = a/2, where the notion of an effective permittivity works at a local field level, leading to 2D impedance terms per unit length with the unit of ohm·m. This approach is ultimately valid due to the enforced monomode configuration, where the variation along the z axis is fixed by the TE 10 mode profile so that the analysis is reduced to a 2D problem. Hence, we consider each element as an effective 2D dielectric slab of length l and width t. As confirmed by our previous numerical simulations, the electric field in the middle plane z = a/2 is characterized by a uniform distribution with constant value E 0 , longitudinal to width t. Thus, the total surface displacement current (per unit length in the z direction) flowing through the circuit elements is given by I s = −iwe 0 e eff E 0 t (A/m), whereas the voltage across the impedance element is V = E 0 l. Therefore, the 2D impedance of the dielectric slab can be simply written as follows
On the one hand, it is clear from Eq. 1 that dielectric slabs with positive permittivity behave as capacitors with impedance (ohm·m) and capacitance (F/m)
On the other hand, the response of a dielectric slab with negative effective permittivity equals that of an inductor with 2D impedance (ohm·m) and inductance (H·m)
We validate this approach by numerically computing via field integration the 2D impedance values of circuit elements with different values of length, width, and permittivity, including those studied in Fig. 3 . The results are gathered in fig. S2 , and it can be concluded that there is an excellent agreement between the theoretical and numerical results. Therefore, the slabs introduced in the D-dot wires, though not electrically small (with respect to the free space wavelength), can be effectively treated as lumped elements in the ENZ host.
Metatronic circuits interacting with a propagating mode Aside from their operation within a circuit board, metatronic circuits can also be used as discrete components in the design of filters and metasurfaces. Here, we numerically assess the performance of resonant series and parallel LC circuits embedded in a waveguide. A 3D view of the simulation setup is depicted in Fig. 4A . The geometry consists of an incident x-polarized TE 10 mode propagating along a rectangular waveguide of length 2l 0 (y axis), width 0.1l 0 (x axis), and height a = 0.15l 0 (z axis) made of PEC walls. The waveguide is filled with a dielectric material with relative permittivity e act = 11 so that effective permittivity is near (though slightly larger than) zero e eff ≈ 0. This ensures that all interactions within the waveguide have a quasistatic character while still allowing for the propagation of the incident TE 10 mode.
A waveguide metatronic circuit is positioned in the center of the waveguide to control the reflection and transmission properties in the waveguide (see Fig. 4A , green component marked by a blue circle). In particular, the reflection coefficient is given by R = −Z 0 /(2Z S + Z 0 ), where Z S is impedance of the waveguide metatronic circuit and Z 0 is the characteristic impedance of the waveguide. For example, when the circuit consists of a single slab, its impedance can be simply calculated by using Eq. 1. We numerically calculated the values of capacitance and inductance implemented with single slabs, as well as the transmission/reflection properties of those circuits (see fig. S3 ). The results of the numerical simulations agree with the circuit formalism.
Next, we move to the design of the LC circuits by arranging them in series and parallel configurations as schematically depicted in Fig. 4  (B and C) . The thickness of the individual elements is set to 0.01l 0 . In addition, the capacitor is composed of a dielectric with relative actual permittivity e act = 19 (so the effective value of e C,eff = 8), whereas the inductor is composed of a dielectric with relative actual permittivity . The numerical simulations demonstrate that, as expected, the series LC circuit responds as a short circuit that blocks the propagation of the incident wave, whereas the parallel LC circuit responds as an open circuit with no significant impact on the propagation of the incident wave. e act = 3 (thus, e L,eff = −8). This configuration ensures that the impedances are balanced, that is, Z L = −Z C , and hence, the series and parallel circuits are at resonance. The simulation results for performance of the series and parallel LC circuits are shown in Fig. 4 (D and  E) , which include color maps of the electric field magnitude distribution in the middle plane of the waveguide (z = a/2). The numerical results can be readily explained on the basis of the circuit theory. On the one hand, the series LC circuit is characterized by impedance Z S = Z L + Z C → 0, and hence, the reflection coefficient equals −1. That is, the series LC circuit behaves as a short circuit that reflects most of the incident energy. On the other hand, the parallel LC circuit is characterized by impedance Z S ¼ ðZ
À1 →∞, and consequently, the reflection coefficient goes to zero. Thus, most of the energy is transmitted through the waveguide metatronic circuit.
DISCUSSION
In conclusion, we have introduced the concept of waveguide metatronics, a microwave version of optical metatronics in which structural dispersion is used to emulate the materials required to construct this class of circuitry. This paradigm enables us to extrapolate metatronic concepts to frequency ranges where there are no naturally and easily available plasmonic materials, and thus, only materials with positive permittivity can be used. In doing so, we open the possibility of using reliable microwave frequency experimental setups as test beds of optical metatronic concepts. We have demonstrated using numerical simulations that all the constituents of a metatronic circuit can be integrated within a single waveguide filled with only materials with positive permittivity. For the sake of simplicity, in this analysis, we considered lossless materials, and the frequency of operation was set to 300 MHz (l 0 = 1 m). However, the performance of the system is expected to be robust against dissipation losses in such frequencies, and it could be easily scaled to certain higher frequency ranges. For instance, figs. S4, S5, and S9 present the numerical simulation of the devices studied in Figs. 2 and 4A , respectively, but substituting the PEC boundaries and shorting wires by copper with conductivity (s = 5.8 × 10 7 S/m), and including losses in the dielectrics through a loss tangent tand = 0.001. We find that finite conductivity has a negligible impact on the performance of the devices in this frequency range. Moreover, additional preliminary simulations presented in fig. S11 indicate that the proposed systems could be scaled up to tetrahertz (THz) before the operational principle is lost. The design, optimization, and quantitative estimation of the performance in these frequency ranges are beyond the scope of this work.
Similarly, this study was conducted for time-harmonic fields, and the aspects related to bandwidth were not addressed here. In practice, we expect that the bandwidth of the system will be limited by the dispersion of the platform hosting the lumped elements because the metatronic lumped elements themselves may potentially be inherently broadband (3) . Preliminary simulations presented in figs. S4 to S8 indicate that a conservative estimate of the bandwidth of waveguide D-dot wires might be around 5%. On the other hand, the bandwidth of the system may be substantially wider for the lumped elements themselves inserted in the waveguide and interacting with a propagating TE 10 mode, as shown in figs. S9 and S10. In both cases, it is found that the operational bandwidth can easily host the resonant phenomena and functionality of LC tanks. A more comprehensive analysis and optimization of the bandwidth, as well as the signal processing capabilities within this platform, are left for future efforts.
To finalize, we emphasize that although the presented results are based on parallel-plate and rectangular waveguides, the proposed methodology can be straightforwardly extrapolated to some other bounded guiding systems with structure-dependent dispersion profiles. Similarly, the same methodology can be adopted in the design of more complex circuits with advanced functionalities.
MATERIALS AND METHODS
The numerical results illustrated in this study were obtained using the commercial software CST Microwave Studio. Specifically, we used the time-domain solver with hexahedral meshing. For the host medium and groove dielectric, the maximum meshing element size was set to l 0 /100. For the lumped elements, we used a denser local mesh with a maximum element size of l 0 /200. For the simulations in Figs. 2 and 3, an electric dipole moment was set as a voltage source with input voltage of 1 V. The length of the dipole source was l 0 /50. The total size of the host medium inside the waveguide was 6l 0 × 6l 0 in the xy plane. 
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